Summary: BioPAXViz is a Cytoscape (version 3) application, providing a comprehensive framework for metabolic pathway visualization. Beyond the basic parsing, viewing and browsing roles, the main novel function that BioPAXViz provides is a visual comparative analysis of metabolic pathway topologies across pre-computed pathway phylogenomic profiles given a species phylogeny. Furthermore, BioPAXViz supports the display of hierarchical trees that allow efficient navigation through sets of variants of a single reference pathway. Thus, BioPAXViz can significantly facilitate, and contribute to, the study of metabolic pathway evolution and engineering.
Introduction
The emergence of metabolic pathways and their divergent evolution has enabled organisms to both obtain nutrients from the environment as well as discover new biosynthetic capabilities (Fani and Fondi, 2009 ). The corresponding distribution of metabolic enzymeencoding genes across genomes might thus be sporadic, following the general patterns of genome conservation (Kunin et al., 2005) .
The study of evolutionary relationships between metabolic pathways and their variants, across genomes can be considered as an emerging area of research that can help us understand metabolic capabilities encoded in the corresponding genome sequences, given the complexity of processes such as horizontal gene transfer (Bansal et al., 2011 (Bansal et al., , 2013 Iwasaki and Takagi, 2009) . Moreover, the context in which a pathway might be operational can be highlighted by V C The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com its evolutionary context and the comparison to either similar, yet divergent pathways or different pathways with a convergent evolutionary record.
In our own work, we are interested in the comparative analysis and visualization of metabolic pathways (Babur et al., 2009) , with a view to genomic comparisons against a collection of reference species. Similar applications based on Bioconductor/R and Pathway Commons have been reported recently (Luna et al., 2016) . Other approaches with different objectives have also been developed, which take into account phylogenetic distributions of pathways, such as CLIME (Li et al., 2014) . We have developed BioPAXViz, a novel Cytoscape application (Shannon et al., 2003) , which we introduce and briefly document here.
Input specifications
BioPAXViz expects BioPAX files as its input (Demir et al., 2010) . Specifically, it supports template (non-modified) BioPAX files as well as a particular modified version of BioPAX files that contains information about the presence or absence of specific proteins (nodes), i.e. enzymes as pathway components, or an entire pathway itself (examples provided at the repository). This key feature allows the consideration of hypothetical pathways inferred to have existed during the evolution of the reference pathway; pathway data are typically obtained from BioCyc (Caspi et al., 2014) . These 'ancestral states' are computed on the basis of parsimonious criteria (Kunin and Ouzounis, 2003) , adaptive thresholds (Psomopoulos et al., 2013) and algorithms that rely on these approaches (Psomopoulos et al., manuscript in preparation) .
In order to acquire custom modified versions of template BioPAX files, we have developed a Java console application, namely BioPAXClient, which adds presence or absence flags to <Pathway> and/or <ProteinReference> elements of a BioPAX file, through custom comments of a predefined format. BioPAXClient is freely available at: https://github.com/CGU-CERTH/BioPAX.Client, where additional documentation is provided for usage and exploitation of its capabilities. These files are primarily used as input to BioPAXViz.
Another input type anticipated by BioPAXViz is a file that describes the tree structure of the evolutionary hierarchy between metabolic pathways to be visualized (Kunin and Ouzounis, 2003) . This file must contain all the edges that connect the nodes of the tree as well as determine which nodes are the leaves of the tree (those must have a connection with a node named <undef>). We have maintained the same input format for trees to ensure the same lookand-feel: these trees define the taxonomy structure of the species group under consideration.
Example files that demonstrate the required format for all the above input types -including presence/absence flags -are provided at the BioPAXViz repository on GitHub.
Usage notes
BioPAXViz supports two modes of functionality:
• the visualization of a single metabolic pathway (Fig. 1a) , where a single BioPAX file (either modified or reference) must be provided as the input for the plugin.
• the visualization of multiple variants of a reference pathway across multiple genomes (Fig. 1b) . In this mode, a file describing the tree of evolutionary relationships of reference species must be provided along with the (modified) BioPAX files for each of the variants under investigation.
In both modes, the 'force directed layout' option for the display of all the metabolic pathways has been selected in this instance (Fig. 1) . However, the user can modify interactively the layout for every pathway view being displayed.
With regard to colour conventions, a node is highlighted in yellow when it is selected by the user. Further, the 0 presence 0 property is denoted by the orange colour while the 0 absence 0 property is denoted in purple. This colour scheme was selected for matters of both accessibility (colour blind neutral) and aesthetics (better contrast, bright vs. dim). BioPAXViz is a Cytoscape app compatible with Cytoscape version 3.x. It is implemented in Java, using the OSGI development model. In order to use BioPAXViz, one needs to install its jar distribution as a new app using the app manager in Cytoscape 3.
Pathway views
The primary purpose of BioPAXViz is to facilitate the study of the evolutionary diversification of a reference metabolic pathway across multiple genomes. To this end, the multiple BioPAX files view mode is required, where users need to provide a set of modified BioPAX files as well as a file containing the tree of evolutionary relationships of reference species. In other words, and for the first time, users can visualize a collection of BioPAX pathway data explicitly linked by a species phylogeny. Fig. 1 . BioPAXViz functionality, representing two modes of usage: (top) single-view, corresponding to the representation of a single pathway with twelve enzymes in its reference state, ten of which are present in this instance (orange) and two are absent (purple); (bottom) multiple-view, corresponding to a list of instances of a pathway across a number of species. The tree connecting the reference species is shown on the top-left panel along a list, using the same convention for individual enzymes: i.e. pathway under consideration is present in most (orange) but two (purple) species -the individual pathway instance for the selected species (yellow) is shown on the main window As soon as the required input files have been loaded and parsed for syntax integrity, the user can then select any genome node from the tree (-network in Cytoscape lingua) and observe the variant of the reference pathway for the selected node (genome) in the main window. The organism that corresponds to each node of the tree is denoted by the label of this node. The tree is by default displayed at the top-left corner of the main Cytoscape window (Fig. 1b) . It can be moved or resized according to the user's preferences and be sent to the background when the main window with the current pathway view is selected with the mouse, to optimize navigation. In this case, the tree can be brought back to the foreground with a <space> keystroke. Furthermore, zooming in and out is enabled both for the tree and the individual pathway views, via Cytoscape.
The user can display separately all pathway views given as input for each session and inspect visually which nodes (corresponding to enzymes, and predicated on the input data) are missing or have been added to each pathway instance compared to the reference pathway. Each node is labeled after the protein/enzyme that catalyzes a reaction at the specific point of the pathway where this node is located; extant and ancestral nodes are equally weighted and shown in an identical manner. The tree that accompanies the BioPAX files provides an easy way for navigating between evolutionarily related pathway variants and thus identifying changes of the pathway content across the collection of reference species. By selecting a node of the tree, the corresponding species pathway pattern is automatically displayed. Furthermore, discovery of horizontal gene transfers is also feasible through inspection of pathway variants from more distant species along the tree.
Conclusion
BioPAXViz is a lightweight pathway visualizer implemented as a Cytoscape app. It provides a robust and user-friendly interface for visual analysis of multiple pathways in a comparative genomics context. This visual approach, addressing a subtle blend of presence/absence patterns (enzyme phylogenetic profiles), variations on a theme (pathway variants) and complex histories (species phylogeny) can accelerate the intuitive discovery of pathway evolution patterns as well as inspire rigorous approaches for the automatic detection of those patterns on a large scale, in future work.
